Objective-To gain insight into the function of proprotein convertase subtilisin kexin type 9 (PCSK9) in humans by establishing whether circulating levels are influenced by diurnal, dietary, and hormonal changes. Methods and Results-We monitored circulating PCSK9 in a set of dynamic human experiments and could show that serum PCSK9 levels display a diurnal rhythm that closely parallels that of cholesterol synthesis, measured as serum lathosterol. In contrast to these marked diurnal changes in cholesterol metabolism, serum low-density lipoprotein (LDL) cholesterol levels remained stable during the diurnal cycle. Depletion of liver cholesterol by treatment with the bile acid-binding resin, cholestyramine, abolished the diurnal rhythms of both PCSK9 and lathosterol. Fasting (Ͼ18 hours) strongly reduced circulating PCSK9 and lathosterol levels, whereas serum LDL levels remained unchanged. Growth hormone, known to be increased during fasting in humans, reduced circulating PCSK9 in parallel to LDL cholesterol levels. Conclusion-Throughout the day, and in response to fasting and cholesterol depletion, circulating PCSK9 displays marked variation, presumably related to oscillations in hepatic cholesterol that modify its activity in parallel with cholesterol synthesis. In addition to this sterol-mediated regulation, additional effects on LDL receptors may be mediated by hormones directly influencing PCSK9. (Arterioscler Thromb Vasc Biol. 2010;30:2666-2672.)
G enetic variants of proprotein convertase subtilisin kexin type 9 (PCSK9) influence plasma low-density lipoprotein (LDL) cholesterol in humans, accounting for both hypercholesterolemia and hypocholesterolemia and altered coronary risk. 1, 2 PCSK9 modulates the number of LDL receptors (LDLRs) by triggering the degradation of LDLRs. 3 Gain-offunction mutations in the PCSK9 gene produce a phenotype of familial hypercholesterolemia, 1 whereas loss-of-function mutations reduce plasma LDL cholesterol levels. 2 Circulating PCSK9 is largely derived from the liver, 4, 5 and plasma levels relate to the hepatic expression of PCSK9. 6 -9 It is still unclear to what extent PCSK9 is physiologically regulated and if such regulation may influence plasma LDL cholesterol levels in humans. Novel therapies aiming at lowering serum LDL cholesterol by interfering with PCSK9 activity are under development. 10 Fasting plasma levels of PCSK9 correlate positively with LDL cholesterol levels in healthy and diabetic patients 7, [11] [12] [13] [14] ; however, in the most extensive study, 7 with Ͼ3000 subjects, PCSK9 levels only predicted 7% of the variation in LDL cholesterol. In animals, the hepatic gene expression of PCSK9 is partly under hormonal control: treatment with glucagon or high-dose estrogen reduces PCSK9 mRNA and increases the number of LDLRs, 15 whereas insulin 15, 16 and growth hormone (GH) 17 both increase PCSK9 mRNA levels in rat liver.
The gene expressions of PCSK9, the LDLR and 3-hydroxy-3-methylglutaryl (HMG) coenzyme A (CoA) reductase (the rate-limiting step in cholesterol biosynthesis), are all regulated by the transcription factor steroid regulatory binding protein (SREBP)-2 that is activated by a reduction of membrane cholesterol. 18, 19 A positive correlation between mRNA levels for HMG-CoA reductase, LDLR, PCSK9, and SREBP-2 has also been shown in human liver. 20 Hepatic cholesterol synthesis exhibits a diurnal rhythm, peaking at late night, which can be monitored by measuring the serum marker lathosterol. 21, 22 In this study our aims were as follows: (1) to explore whether circulating PCSK9 has a diurnal rhythm driven by the level of hepatic cholesterol, (2) to evaluate in detail if PCSK9 in serum is altered by food deprivation or a ketogenic diet, and (3) to determine if treatment with GH alters serum PCSK9. Therefore, we analyzed a large set of previous and new experiments in humans designed to study metabolic changes during (1) the diurnal phases and the interference of such by cholesterol; (2) short (up to 18 hours) and long (more than 18 hours) fast, including starvation (7 days) ; and (3) GH treatment. An experiment in which subjects were treated with atorvastatin was used as a reference. Our data show that the level of circulating PCSK9 is under more dynamic control than previously conceived and that such a regulation may contribute to the relatively stable LDL cholesterol levels generally observed in healthy humans.
Methods

Subjects and Study Design
Nine different experiments, with 90 patients or healthy subjects, were analyzed.
Basal diurnal changes of circulating PCSK9 ( Figure 1A , 1B, and 1D-1F) during standard feeding were monitored in 5 healthy subjects sampled every 90 minutes from 9 to 10:30 AM the next day, as detailed. 21 Short-term fasting effects ( Figure 1C and 1G) were studied in the same 5 subjects on another occasion during continued overnight fasting from 9 AM to 4 PM, with sampling every 60 minutes. 21 The dynamic responses to short-term cholestyramine treatment ( Figure 2 ) were studied in a new experiment designed to elucidate the effect of immediate hepatic depletion of cholesterol. Cholestyramine is a resin that promotes bile acid excretion, induces bile acid and cholesterol synthesis in the liver, and, thus, depletes free hepatic cholesterol. Ten healthy subjects (5 men and 5 women) were sampled every 90 minutes from 8:30 AM on day 1 to 5:30 PM on day 2; overnight fasting samples were also drawn at 8:30 AM on days 3 and 4. Cholestyramine 4 g per dose, was taken together with meals on day 1, as indicated.
The effects of 2 days of fasting ( Figure 3A -3C) were studied using samples from 7 healthy subjects (3 women and 4 men) from a previous study. 23 Fasting for 7 days (starvation) ( Figure 3D -3F) was studied in samples from a previous study, 24 in which 5 women with rheumatoid arthritis underwent evaluation for effects on disease activity.
The responses elicited by a ketogenic diet ( Figure 3G -3I) were studied in 17 children treated because of pharmacoresistant epilepsy, as previously described. 25, 26 Samples were drawn in the morning after overnight fasting on the day before commencing treatment and at follow-up (1 to 16 months later). A classic ketogenic diet, 27 detailed in the supplemental section (available online at http:// atvb.ahajournals.org), was used.
The temporal effects during 3 days of fasting ( Figure 4 ) were evaluated using a new randomized and stratified survival study arranged by the Swedish Survival Guild. The study was designed to evaluate survival strategy at authentic outdoor conditions. Twelve healthy participants (5 women and 7 men) were divided into 2 groups. Up to 66 hours of fasting was compared with up to 50 hours of sleep deprivation in a crossover design, with baseline measurements on days 1 and 8. Group 1 ( Figure 4A and 4B) started with a 3-day fast; samples were drawn after 18, 42, and 66 hours. After sampling on day 4, 500 kcal were consumed (divided into 4 meals over 24 hours), followed by unrestricted caloric intake on days 5 to 8. From day 5 to day 7, subjects were also sleep deprived. Group 2 ( Figure 4C and 4D) followed the same scheme but in the reverse order. Further details of this experiment are shown in the supplemental data.
The effects of GH treatment ( Figure 5A -5C) were evaluated by analyses of samples from 15 healthy men treated with increasing doses of GH for 1 week per dose; the last week, 0.1 IU/kg per day was taken. 28 Atorvastatin, 80 mg/d, was given to 19 subjects (14 women and 5 men) for 4 weeks in a double-blind crossover design with a 4-week washout; fasting morning samples were drawn ( Figure 5D -5F).
All subjects or their parents gave informed consent to participate in the studies, which were all approved by the Ethics Committee of Karolinska Institute, Stockholm, Sweden. Samples were stored at Ϫ80°C.
Serum Analyses
PCSK9 levels were measured using a PCSK9 dual-monoclonal antibody sandwich ELISA, 11 with minor modifications, as previously described. 9 Unesterified lathosterol was determined by isotope dilution mass spectrometry after the addition of deuterium-labeled internal standard, as previously described. 29 Lathosterol levels were corrected for Ten healthy volunteers were monitored over 33 hours, and 2 samples were also taken the following 2 mornings (days 3 and 4). Blood was drawn, and standardized meals (arrows) were given as indicated. On day 1, the subjects took 4 g of cholestyramine with meals as indicated and slept from 11 PM to 7 AM. The following variables are given: serum PCSK9 and lathosterol/c (A and C) and serum lipids (B and D). In contrast to Figure 1D and 1E, the present data fit poorly to a 24-hour period sinus curve (PCSK9: r 2 ϭ0.25 versus 0.81; lathosterol: r 2 ϭ0.17 versus 0.62). TG indicates triglyceride. total cholesterol level, as previously outlined, 30 because lathosterol is transported with cholesterol-rich lipoproteins.
Total cholesterol and triglyceride levels were determined using routine colorimetic techniques. Lipoprotein profiles were obtained after separation by fast performance liquid chromatography 31 using commercially available kits for cholesterol and triglyceride determinations. LDL fractions were calculated from the fast performance liquid chromatography curves using areas under the curves, as previously described. 31
Statistics
Differences between groups were tested by repeated measurements using 1-way ANOVA followed by the Dunnett multiple comparison test or, when appropriate, by 2-tailed paired Student t test using computer software (GraphPad Prism). Diurnal rhythms were evaluated by fitting sinus curves with a 24-hour period by nonlinear regression.
Results
Circulating PCSK9 Has a Diurnal Rhythm Synchronous With Cholesterol Synthesis
When circulating PCSK9 was observed during the day in healthy subjects, the levels showed a diurnal rhythm, with a nadir between 3 and 9 PM and a peak at 4:30 AM ( Figure 1A) . These distinct diurnal changes were similar to those for serum lathosterol, a marker for cholesterol synthesis, as previously reported ( Figure 1A ). 21 Both PCSK9 and lathosterol levels correlated strongly to 24-hour sinus functions (r 2 ϭ0.81 [ Figure  1D ] and r 2 ϭ0.62 [ Figure 1E ], respectively). Interestingly, despite these pronounced changes in PCSK9 and lathosterol levels, serum cholesterol levels were stable ( Figure 1B) . To evaluate if food intake was related to the reduction of PCSK9 that occurred between 9 AM and 4 PM, we measured its concentration in a repeated study in which the initial overnight fast was prolonged until 4 PM ( Figure 1C ). Also during this period of prolonged fasting (18 hours), PCSK9 was reduced to a similar extent as when food was ingested ( Figure 1A versus Figure 1C ). . The temporal effects during 3 days of fasting or sleep deprivation were evaluated in 12 healthy volunteers (5 women and 7 men) divided into 2 groups (nϭ6 per group). Up to 66 hours of fasting was compared with up to 50 hours of sleep deprivation in a crossover design. Meals were taken at fixed times, and blood samples were drawn once daily at 10 AM, 2 hours after breakfast (details are provided in the supplemental Figure) . P values were calculated by 1-way ANOVA, followed by the Dunnett multiple comparison test using day 1 data as the reference. One symbol, PϽ0.05; 2 symbols, PϽ0.01; and 3 symbols, PϽ0.001. Data are given as the percentage change from meanϮSEM of all samples per individual. A, Serum PCSK9 and lathosterol/c levels for group 1. Significant alterations of PCSK9 levels are indicated by asterisk(s); and of lathosterol, plus sign(s). B, Serum total and LDL cholesterol and total TG levels in group 1. Significant alterations of total cholesterol are indicated by asterisk(s); and of TG, plus sign(s). C, Serum PCSK9 and lathosterol/c levels for group 2. Significant alterations of PCSK9 are indicated by asterisk(s); and of lathosterol, plus sign(s). D, Serum total and LDL cholesterol and total TG levels in group 2. Significant alterations of total cholesterol are indicated by asterisk(s); and of TG, plus sign(s). E, Serum PCSK9 and lathosterol/c percentage change from mean from the 12 subjects were plotted, and correlation was confirmed with a Pearson r of 0.84. TG indicates triglyceride.
Figure 5.
Lipid-lowering treatments with GH and atorvastatin have opposite effects on PCSK9 serum levels. A through C, Effect of GH treatment on serum PCSK9 and total and LDL cholesterol levels. Fifteen healthy men received increasing doses of GH for 3 weeks, with a final dose of 0.1 IU/kg per day. 28 Individual levels before and after 3 weeks of GH therapy are given. P values were calculated using the paired Student t test. D through F, Effect of atorvastatin on serum PCSK9 and total and LDL cholesterol levels in 19 subjects given 80 mg of atorvastatin for 4 weeks in a study with a double-blind crossover design. Fasting morning samples were taken at the basal level and after 4 weeks of atorvastatin or placebo treatment. Individual levels are given. P values were calculated by repeated measurements using 1-way ANOVA, followed by the Dunnett multiple comparison test.
Depletion of Hepatic Cholesterol Increases PCSK9 Levels and Cholesterol Synthesis
Next, we evaluated if short-term depletion of hepatic cholesterol would influence serum PCSK9 levels. Treatment with cholestyramine during the first 12 hours of a 4-day experiment abolished the diurnal rhythm of PCSK9 the following day ( Figure 2) . Moreover, PCSK9 levels remained elevated 2 to 3 days after the cessation of treatment. A similar pattern of response was seen for lathosterol, indicating that both PCSK9 and HMG-CoA reductase expressions were induced rapidly after the reduction of liver microsomal cholesterol.
Fasting, But Not a Ketogenic Diet, Suppresses PCSK9 Serum Levels
We analyzed samples from 2 experiments in which subjects had fasted for 2 or 7 days, respectively 23, 24 ; and found that PCSK9 levels were reduced by 70% to 80% ( Figure 3A and 3D). In parallel, serum lathosterol levels were reduced by 50% to 60% ( Figure 3B and 3E) , again showing a parallel regulation with PCSK9. The serum total cholesterol level was unchanged and only tended to increase in these situations ( Figure 3C and 3F) , whereas serum ketone bodies were strongly increased from 0.08Ϯ0.07 (meanϮSD) to 3.2Ϯ0.8 mmoles/L, and from 0.09Ϯ0.1 (meanϮSD) to 6.4Ϯ1.4 mmoles/L, in response to 2 and 7 days of fasting, respectively, as previously described. 26 To exclude that ketosis per se may reduce PCSK9 levels, we studied the effect of a ketogenic diet. 25 Although this fat-and protein-rich diet reduces glucose in a similar way as fasting, 26 it did not reduce circulating PCSK9; instead, lathosterol and total cholesterol levels increased by 24% and 37%, respectively ( Figure  3G-3I) .
Parallel temporal changes of circulating PCSK9 and cholesterol synthesis over 3 days of fasting were determined from an experiment in which 2 groups (nϭ6 for both) fasted for up to 66 hours and were sleep deprived for up to 50 hours, using a crossover design (Figure 4 ). The supplemental Figure provides a detailed description. After 18 hours of fasting, initiated at 4 PM, PCSK9 levels were reduced by 35% and 38% in the 2 groups, respectively ( Figure 4A and 4C) . Continued fasting reduced serum levels of PCSK9 even further; and after 66 hours, they were lowered by 64% and 97%, respectively. After the restricted diet, PCSK9 levels increased somewhat. Lathosterol levels closely followed those of PCSK9 in both groups ( Figure 4A and 4C) ; and when relating all individual PCSK9 and lathosterol values of this experiment to each other, a strong correlation was evident ( Figure 4E ). Furthermore, although serum triglycerides were reduced by fasting as expected ( Figure 4B and 4D) , serum total and LDL cholesterol levels were stable in both groups during the whole period ( Figure 4B and 4D ).
Opposing Changes in PCSK9 Levels During Stimulation of LDLRs by GH Treatment or Statin Therapy
We assayed PCSK9 levels in 15 subjects treated with GH 28 (Figure 5A-5C ). GH treatment lowered LDL cholesterol levels by 16% in this experiment, whereas PCSK9 levels were reduced by 17% ( Figure 5A and 5C) . Interestingly, statin therapy in humans increases liver LDLRs to a similar extent as does GH treatment. 32 However, atorvastatin treatment, which reduced serum LDL cholesterol by 50%, increased serum PCSK9 levels by 33%, in agreement with previous observations 6, 33 (Figure 5D-5F ). This finding is in concert with the proposed parallel regulation of HMG-CoA reductase and PCSK9 by SREBP-2 in this situation 33 and indicates that GH treatment stimulates LDLRs through mechanisms other than statin therapy.
Discussion
The present studies demonstrate that, in several experimental situations, fasting strongly reduces circulating PCSK9 in healthy humans. This occurs concomitantly with suppressed cholesterol synthesis, as monitored by lathosterol concentrations. Despite these pronounced dynamic changes, LDL cholesterol levels were not reduced. In fasting mice, a reduced expression of PCSK9 protects against hypercholesterolemia and postprandial hypertriglyceridemia. 34, 35 The strong correlations between PCSK9 and lathosterol observed in our studies make it reasonable to postulate that hepatic PCSK9 and HMG-CoA reductase are regulated by a common mechanism in these situations. SREBP-2 is an established coregulator of the gene expression of PCSK9, HMG-CoA reductase, and the LDLR 18, 19 ; and data indicate that this concept is also valid in humans. 20 SREBP-2 is mainly driven by the sterol content in the cell membrane, 18, 19 and it is known that fasting increases liver, but not plasma, cholesterol in pigs. 36 The lack of any reduction of serum LDL cholesterol levels in response to fasting, despite a strong decrease in serum PCSK9, would support the concept that the gene expression of the LDLR, in addition to that of PCSK9 and HMG-CoA reductase, is suppressed during fasting. Such a situation would be in agreement with what has been observed in mice. 16 An important question to be answered is whether the fasting-induced response with an 80% reduction of plasma PCSK9 is important for the adaptation to fasting/starvation.
The dynamic regulation of PCSK9 demonstrated in fasting humans also seems to operate during the diurnal phases in humans. Serum PCSK9 had the same diurnal variation as cholesterol synthesis. 21, 22 Notably, these diurnal changes in PCSK9 occurred while LDL cholesterol levels were stable. One explanation for this may be that dynamic changes of the regulatory pool of hepatic membrane cholesterol occur during the day. At late night, when cholesterol synthesis and serum PCSK9 reach their peaks, presumably because of a nadir in liver cholesterol, the LDLR transcriptional activity should also peak. The fact that serum LDL cholesterol remained stable suggests that the transcriptional responses of PCSK9 and LDLR outbalance each other, resulting in constant LDLR numbers and, consequently, stable serum LDL levels. The findings of a diurnal variation of PCSK9 concomitant with stable serum LDL levels should partly explain why serum PCSK9 levels relate poorly 7 to plasma LDL cholesterol. This weak correlation between serum PCSK9 levels and LDL cholesterol has been interpreted to indicate that circulating PCSK9 is a poor measure of PCSK9 activity. 7 In contrast, our present findings instead suggest that the circulating PCSK9 level may actually well reflect PCSK9 activity. The SREBP pathway in mice has recently been shown to be governed by both nutritional status and an independent circadian clock function exerted by REV-ERB ␣. 37 Short-term fasting (18 hours) until 4 PM did not influence the 9 AM to 4 PM pattern of diurnal rhythms of either PCSK9 or lathosterol level. However, whether prolonged fasting (for 1 to 3 days) eliminates these rhythms is still unclear. The fact that prolonging the overnight fast from 9 AM to 4 PM (total fast of 18 hours) did not result in serum PCSK9 levels that could be distinguished from those during the normal diurnal rhythm of PCSK9 highlights the importance of always having appropriate controls when studying PCSK9 serum levels.
Our finding that a short-term depletion of hepatic cholesterol by cholestyramine treatment resulted in a prolonged increase of serum PCSK9 and of cholesterol synthesis was unexpected because it indicates that short-term perturbations of hepatic cholesterol metabolism may induce long-lasting effects on the cholesterol balance. Clearly, further studies on how regulation of PCSK9 may influence the dynamics of hepatic cholesterol metabolism in humans will be important.
In addition to sterol-mediated regulation of PCSK9, other mechanisms, such as those exerted by various hormones, may be involved. 15 In humans, but not in rodents, an increase in GH secretion is part of the normal response to fasting, contributing to the maintenance of a normal blood glucose level. The pleiotropic effects of GH on cholesterol metabolism include stimulation of hepatic LDLRs 32 and LDL clearance, leading to reduced LDL cholesterol. 28 We could show that PCSK9 is reduced after GH treatment, which could partly explain the reduction of plasma LDL cholesterol in this situation. This response is opposite to that observed in rats after GH treatment. 17 Indeed, there are several species differences between rodents and humans regarding the effects of GH on cholesterol metabolism. 28, 32 Although we cannot exclude that GH may exert some or all of its effect on PCSK9 through SREBP-2 because of changes in microsomal cholesterol, the potential relevance in humans of other fastingrelated hormones that regulate the expression of hepatic PCSK9 in rodents, such as glucagon 15 and insulin, 15, 16 needs further exploration. A progressive relative lack of GH may also underlie the known reduction in LDL clearance that occurs with ageing. 38 The present studies provide novel information on the regulation of circulating PCSK9 during basal physiological conditions. From our data, the hypothesis emerges that during the diurnal phases and after fasting, dynamic changes of the level of hepatic cholesterol regulate the expression of HMG-CoA reductase, PCSK9, and LDLRs. The elicited responses of the short-term reduction of hepatic cholesterol induced by cholestyramine support this concept. The diurnal rhythms of PCSK9 and lathosterol were abolished for several days after a brief interruption of the enterohepatic circulation of bile acids, indicating that changes in the hepatic regulatory pool of cholesterol may be driving this effect, in agreement with recent data. 39 Our data imply that regulation of hepatic PCSK9 continuously contributes to preserving serum LDL levels, a concept that should be of significance considering the proposed use of current and novel treatment modalities aiming at interacting with PCSK9. 10 
